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3Abstract
The interaction of astrophysical jets with interstellar medium is studied by magnetohy-
drodynamic (MHD) simulations taking account of the cooling of the interstellar medium.
Motivated by the NANTEN observations of the jet-aligned molecular clouds and the associ-
ation of the CO clouds with the enhancement of the neutral hydrogen (HI) gas density, we
carried out MHD simulations of the propagation of a supersonic jet injected into the dense
HI cloud. We applied these simulations to the fomation of the molecular clouds aligned with
the X-ray jet ejected from the microquasar SS433, molecular clouds toward the stellar clus-
ter Westerlund 2, and molecular clouds surrounding the double helix nebulae in the central
region of our galaxy. We found that the HI gas compressed by the bow shock ahead of the
jet is cooled down by growth of the cooling instability triggered by the density enhancement.
As a result, a cold dense sheath is formed around the interface between the jet and the HI
gas. The radial speed of the cold, dense gas in the sheath is a few kilometers per second
almost independently of the jet speed. Molecular clouds can be formed in this region.
In the simulations for Westerlund 2, we study the dependence of the shape of the molec-
ular clouds on the distribution of the interstellar HI clouds. The numerical results indicate
that when the lling factor of HI clouds is moderate, the jet propagating along the channels
between the clouds breaks up into branches. The shock compression of the HI clouds forms
discrete molecular clouds which distribute broadly along the jet axis. On the other hand,
when the lling factor is large, or the jet collides with a large cloud, an arc-like molecular
cloud is formed as the jet sweeps the HI clouds.
In the simulations for the Double Helix Nebula, we study the interaction of the jet with
the HI clouds rotating around our galactic center. The jet-cloud interaction forms molecular
clouds whose line-of-sight velocity is on the order of the rotation speed of the HI clouds.
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Chapter 1
Introduction
In this chapter, we overview astrophysical jets. In section 1.2, we introduce observations of
molecular clouds associated with jets. In section 1.3, we review simulations of jet propagation
in interstellar space. In section 1.4, we discuss the formation mechanism of jet-induced
molecular clouds.
1.1 Observations of Astrophysical Jets
Elongated, narrow structures called astrophysical jets are observed in active galaxies, galactic
microquasars, star-forming regions, and so on. Astrophysical jets transport gravitational
energy released near an accreting object to a distant region. A jet aects its environment
when it propagates in the interstellar medium (ISM). Figure 1.1 schematically shows the
interaction of a jet with the ISM.
Figure 1.1: Schematic picture of the interaction of the jet ejected from a black hole with the
ISM.
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In the early 20th century, optical observations of giant elliptical galaxy M87 revealed
the existence of an optical jet. Subsequently, radio galaxies and radio lobes were found by
radio observations. Figure 1.2 shows an image of the radio galaxy Cygnus A observed with
the Very Large Array (VLA). The jet connects the central region of the galaxy with bright
radio lobes surrounding the hot spot at the end of the jet. Around the hot spot, where the
radio emission is brighter than that in the core, the kinetic energy of the jet is converted to
thermal energy, radiation energy, and the energy of high-energy particles.
Figure 1.2: Radio image of the radio source Cygnus A observed with the VLA. Bipolar jets
connect the core of Cygnus A and bright radio lobes. Cygnus A is classied into FRII.
(NRAO/AUI)
Figure 1.3 shows an optical image of M87 observed by the Hubble Space Telescope.
Bright knots have formed along the jet axis. These knots and hot spots are shock fronts or
Mach disks inside the beam of the jet, where hadrons as well as electrons can be accelerated.
In this way, the jet may play an important role in particle acceleration.
The M87 jet has radio-bright lobes (Figure 1.4). Recently, the detailed inner jet structure
was observed with the Very Long Baseline Array (VLBA). Figure 1.5 shows a 43 GHz image
of M87 in the region r < 100RS, where RS is the Schwarzschild radius (Hada et al. 2013).
The distance from the galactic center to the radio lobe is 1.5 kpc in M87 (Figure 1.4),
whereas it exceeds 50 kpc in Cygnus A (Figure 1.2). Radio galaxies are categorized as FRI
or FRII according to the ratio of the distance RFR between the brightest regions on opposite
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Figure 1.3: Optical image of M87 observed with the Hubble Space Telescope. The optical
jet is ejected from the galactic center. Bright knots exist along the jet axis. (NASA and
John Biretta)
Figure 1.4: Radio image of the M87 jet observed with the VLA. M87 is classied into FRI.
(NRAO/NSF)
sides of the galaxy to the total extent of the source measured from the lowest contour. A
radio galaxy is categorized as FRI when RFR < 0:5; otherwise, it is categorized as FRII
(Fanaro & Riley 1974).
10 1.1. OBSERVATIONS OF ASTROPHYSICAL JETS
Figure 1.5: 43GHz image of the core of the M87 jet in the region r < 100RS observed with
the VLBA (Hada et al. 2013).
The radio hot spots are closer to the galactic center in FRIIs. Cygnus A and M87 are
categorized as FRII and FRI, respectively. The jet energy is transported to a distant region
in FRIs. The dierence between FRIs and FRIIs may be due to a dierence in the density
of the intergalactic medium (IGM).
Next, we introduce the jet ejected from microquasar SS433. Figure 1.6 shows a ra-
dio image of SS433 observed with the Advanced Satellite for Cosmology and Astrophysics
(ASCA). On both sides of SS433, X-ray-bright regions have formed. X-rays are emitted
from hot plasma heated by the interaction of the SS433 jet with the ISM. The jet tempera-
ture exceeds 108 K near the central object but decreases to 105 K within 1012 cm from the
central object (Brinkmann et al. 1991). X-ray observations around the eastern edge of the
asymmetric radio nebula W50 (Brinkmann et al. 2007) indicate that the temperature of the
X-ray-emitting plasma is 0:3 keV. The heating source of the region could be the internal
shock of the jet, which partially dissipates the kinetic energy of the jet. The jet speed mea-
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Figure 1.6: X-ray image of the galactic jet source SS433 observed by the ASCA. Bipolar X-
ray jets are ejected from SS433. (http://www-cr.scphys.kyoto-u.ac.jp/research/xray/iau97/,
M. Kawai, T. Kotani et al.)
sured by the Doppler shift of the line emission is 0:26c (Margon & Anderson 1989). Figure
1.7 shows a radio image of SS433. Precession of the jet looks to form the helical structure.
The precession angle is about 20 and the precession period is about 162.5 days.
Astrophysical jets transport energy released near an accreting object to a distant region.
They are ubiquitous in the universe and may aect galactic evolution. This motivates us to
study the propagation of jets and their interaction with the ISM.
1.2 Observations of Molecular Clouds Associated with
Jets
In this section, we summarize observations that indicate that molecular clouds can be formed
by the interaction of a jet with interstellar neutral hydrogen (HI) gas.
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Figure 1.7: Radio image of SS433. The helical structure is formed by precession of the jet.
The precession angle and period are about 20 and 162.5 days, respectively. (Blundell &
Browler, NRAO/AUI/NSF)
1.2.1 Galactic jet source SS433
Detailed analysis of the NANTEN 12CO (J = 1   0) survey of galactic molecular gas re-
vealed that molecular clouds are aligned with the jet ejected from the galactic jet source
SS433 (Yamamoto et al. 2008). In Figure 1.8, black contours, white contours and color
show the distribution of molecular clouds, the X-ray jet, and HI gas, respectively. These
molecular clouds are located along the extension of the major axis (dashed line in Figure
1.8) of the asymmetric radio nebula W50 (e.g., Dubner et al. 1998) and along bipolar X-ray
jets (Yamauchi et al. 1994; Sa-Harb & Oegelman 1997). The association of the HI den-
sity enhancement with molecular clouds aligned with the SS433 jet axis indicates that the
interaction of the jet and the HI cloud triggered the formation of the jet-aligned molecular
clouds. The radial velocity of molecular clouds expanding from the jet axis is estimated to
be 2  5 km s 1, assuming cylindrical expansion. Typical mass of the CO cloud is estimated
to be MCO  400  2300 M.
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Figure 1.8: CO image of the SS433 region observed with NANTEN (black contours). Black
contours show the distribution of molecular clouds. Cross indicates the position of SS433.
White contours show the X-ray jet. Dashed line shows the SS433 jet axis. Color shows the
brightness of the HI gas (Yamamoto et al. 2008).
1.2.2 Stellar cluster Westerlund 2
Observations of the region toward the stellar cluster Westerlund 2 and the TeV -ray source
HESS J1023-575 (Aharonian et al. 2007) with NANTEN2 and the Mopra telescope (Fu-
rukawa et al. 2014) revealed peculiarly shaped molecular clouds. Figure 1.9 (a) and (b)
show the distributions of 12CO clouds with line-of-sight velocities of 24   32 km s 1 and
18   24 km s 1, respectively. The yellow x-mark and orange cross indicate the positions
of Westerlund 2 and the TeV -ray source, respectively. The TeV -ray source is located
between these molecular clouds. Molecular clouds on the left side of the TeV -ray source
are called \jet" clouds, and those on the right side are called \arc" clouds in Furukawa et al.
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Figure 1.9: (a) Integrated intensity of 12CO(J = 2  1) in the velocity range 24  32 km s 1
observed with NANTEN2 (Furukawa et al. 2014). The yellow x-mark and orange plus
indicate the position of Westerlund 2 and TeV -ray source HESS J1023-575, respectively.
(b) Integrated intensity map in the velocity range 18   24 km s 1. (c) Position-velocity
diagram.
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(2014). The jet clouds can be formed by a microquasar jet or an anisotropic supernova
explosion. An obvious explanation for the formation of the arc cloud is a supernova explo-
sion. Another possibility is the interaction of a high-energy jet with an HI cloud. Figure
1.9 (c) shows the position-velocity diagram. The horizontal axis shows the position, and the
vertical axis shows the line-of-sight velocity. The velocity dispersion of the molecular clouds
is 2   5 km s 1. The mass of the arc cloud is estimated to be 2:5  104 M, and the mass
of the jet clouds is 0:5  2:1 104 M.
Figure 1.10: Infrared image of the DHN near the Galactic center observed with the Spitzer
Space Tlescope (Morris et al. 2006).
1.2.3 Double Helix Nebula
The Double Helix Nebula (DHN) was found near the Galactic center by infrared observations
with the Spitzer Space Telescope (Morris et al. 2006). Figure 1.10 shows a 24 m image of
the DHN. Recently, molecular observations by NANTEN2 revealed that molecular columns
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Figure 1.11: Distribution of CO integrated intensity overlaid on the Spitzer 24 m image
(Enokiya et al. 2014) for (a) the  35 km s 1 component and (b) the 0 km s 1 component.
surround the DHN (Enokiya et al. 2014). Two molecular columns have two dierent line-
of-sight velocities: 0 km s 1 and  35 km s 1. The white contours in Figure 1.11 (a) and
(b) show the distributions of molecular clouds with line-of-sight velocities of  35 km s 1
and 0 km s 1, respectively, overlaid on the infrared Spitzer image (color). For the 0 km s 1
feature, the molecular clouds are located on the DHN. In contrast, the  35 km s 1 feature
is spatially anti-correlated with the DHN.
Figure 1.12 shows the result of molecular observations in a wider area near the Galactic
center. Contours and color show the distribution of the CO gas. Peaks in the molecular
density connect the DHN and the Galactic center's supermassive black hole Sgr A*. This
suggests that the molecular columns are related to the jet ejected from the Galactic center.
Figure 1.13 shows the position-velocity diagrams. CO clouds whose line-of-sight velocity
is  35 km s 1 and 0 km s 1 connect the region around the DHN and the Galactic plane.
The CO emission is weak in the velocity range between these two velocities.
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Figure 1.12: CO observations of a wider area near the Galactic center (Enokiya et al.
2014). Contours and color show the integrated intensity in the velocity range (a) between
 39 km s 1 and  31 km s 1 and (b) between  3 km s 1 and 0 km s 1.
1.3 Simulations of Jet Propagation
The interaction of astrophysical jets with the ambient ISM has been studied extensively by
hydrodynamic and magnetohydrodynamic (MHD) simulations.
By conducting axisymmetric, two-dimensional (2D) hydrodynamic simulations of a su-
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Figure 1.13: Position-velocity diagrams of the molecular gas near the Galactic center for (a)
12CO(J = 1  0) and (b) 13CO(J = 1  0) intensities (Enokiya et al. 2014). The horizontal
axis is line-of-sight velocity and the vertical axis is the galactic latitude. CO clouds whose
line-of-sight velocities are 35 km s 1 and 0 km s 1 connect the DHN region and the Galactic
plane.
personic jet propagating in the IGM, Norman et al. (1982) revealed the basic structures of
the supersonic jet, which consist of a bow shock, cocoon, and working surface. Figure 1.14
shows the density distribution obtained by jet propagation simulations. A supersonic light
jet having a velocity 6 times that of the sound speed of the jet and a density that is 10%
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of the ambient gas density is injected from the left boundary. The jet forms a bow shock
ahead of the jet and the ambient matter is compressed as it crosses the bow shock.
At the jet terminal shock, where the jet speed decreases from supersonic to subsonic, the
jet kinetic energy is converted to thermal energy. The jet terminal shock corresponds to the
hot spot in radio galaxies. The jet gas decelerated by crossing the jet terminal shock forms a
backow, and the cocoon surrounds the jet. Around the contact surface between the jet and
the ambient medium, a Kelvin-Helmholtz (KH) instability grows because of velocity shear
between the cocoon and the IGM and promotes mixing of the cocoon and ambient medium.
Since the cocoon perturbs the jet beam, oblique internal shocks are formed in the beam. The
velocity of the backow increases with the jet speed. Therefore, the KH instability grows
more rapidly as the jet speed increases. The stability of the beam depends on the stability
of the cocoon and determines how far the jet propagates.
Figure 1.14: Density dirtribution of the results of 2D hydrodynamic simulations by Norman
et al. (1982)?
Subsequently, axisymmetric 2D MHD simulations of jet propagation were conducted
(e.g., Clarke et al. 1986; Lind et al. 1989; Kossl et al. 1990; Todo et al. 1992). Todo et al.
(1992) studied the eects of the helical magnetic elds formed by rotation of a protostellar
disk threaded by magnetic elds. When the helical magnetic elds are strong, the cocoon
becomes thin because the radial expansion of the backow is suppressed by poloidal magnetic
elds parallel to the jet axis. When the magnetic elds are stronger, the bow shock and jet
terminal shock are fast mode MHD shocks. In this way, the magnetic eld aects the
structures of the jet.
Todo et al. (1993) conducted three-dimensional (3D) MHD simulations of a jet propagat-
ing through a layered dense region. Collision of the jet with the dense region accumulates
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toroidal magnetic elds ahead of the jet, which leads to a kink instability twisting the jet
(Figure 1.15).
Figure 1.15: Top gure shows the density distribution simulated by Todo et al. (1993). The
kink instability grows by the accumulated toroidal magnetic eld in the head of the jet and
the jet is twisted by the kink instability. Middle and bottom gures show the magnetic eld
in the initial state and after the jet crosses the dense layer, respectively.
Mizuno et al. (2011) conducted 3D relativistic MHD simulations of the kink instability.
They studied time evolution of the kink instability assuming a cylindrical jet and helical
magnetic elds in the initial state and revealed that the growth of the kink instability
depends on the radius of the jet. As the radius of the jet increases, linear growth of the kink
instability becomes slower. Transition to the nonlinear stage occurs later, and the maximum
amplitude becomes larger than that for a static plasma column. When the jet radius is much
larger than the characteristic radius of the helical magnetic eld, the eect of velocity shear
at the jet-ambient surface becomes smaller, and the growth rate of the kink instability is
close to that for a static plasma column.
The stability of relativistic jets has been studied by special relativistic (SR) simulations
(e.g. Mart et al. 1997; Rosen et al. 1999; Aloy et al. 2000; Zhang et al. 2003; Mizuno
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Figure 1.16: Schematic picture of the jet and backow (Mizuta et al. 2010). This picture
indicates that the structure of the backow depends on the velocity of the jet in the hot
spot. When the velocity of the jet is larger than the sound speed of the hot spot, a stable
backow is formed (upper half of this picture). Otherwise, a bent backow is formed (lower
half of this picture). The red line denotes the oblique shock behind the jet terminal reverse
shock. The jet gas crossing the oblique shock is another source of the bent backow.
et al. 2007). Mizuta et al. (2010) focused on the backow using axisymmetric 2D SRHD
simulations and revealed that the structures of the cocoon depend on the velocity in the
head of the jet. Figure 1.16 schematically shows the tracks of the jet and backow. When
the velocity in the hot spot is larger than its sound speed, almost linear backow is formed.
In contrast, when the velocity of the jet in the hot spot is smaller, a bent backow is formed.
The jet gas compressed between the contact discontinuity and the reverse shock (see Figure
1.16), and the jet gas crossing the oblique shock behind the jet terminal reverse shock (red
line in Figure 1.16) are sources of the bent backow, which perturbs the jet and forms
internal shocks in the jet. The change in the structures of the cocoon aects internal shocks
in the beam and the stability of the jet.
1.4 Eects of Interstellar Cooling
Blondin et al. (1989) conducted axisymmetric 2D hydrodynamic simulations of supersonic
jets including radiative cooling and found that in the parameter range appropriate for proto-
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stellar jets (jet temperature of 104 K and jet number density of 20 cm 3), a dense, cold shell
condenses out of the shocked gas at the head of the jet because shock compression increases
the density, and cooling rate. Blondin et al. (1990) showed that when the jet density is
smaller than the ambient density, the leading edge of the jet closely follows the contours of
the cocoon because radiative cooling decreases the thermal pressure of the shocked ambient
gas behind the bow shock (see also Stone & Norman 1993). Frank et al. (1998) and Stone
& Hardee (2000) studied the eects of cooling on the propagation of magnetized protostellar
jets by axisymmetric 2D MHD simulations. More recently, Tesileanu et al. (2008) reported
the results of 2D MHD simulations of protostellar jets using a non-equilibrium, multispecies
cooling function.
The SS433 jet diers from protostellar jets in its speed and density. The jet speed in
SS433 is 0:26c (see review by Margon 1984), which is much faster than that in protostellar jets
(typically a few hundred kilometers per second). The density in SS433 is much smaller than
the ambient density, whereas the density of protostellar jets is comparable to the ambient
gas density.
Inoue et al. (2006) studied the stability of the contact surface between the cold neutral
medium and warm neutral medium taking account of heating by cosmic rays and radiative
cooling. They considered three types of behavior at the contact surface: evaporation, con-
densation and saturation. When the external heating exceeds the radiative cooling, the cold
neutral medium compressed by the bow shock is heated, and evaporates to the warm neu-
tral medium. On the other hand, when the cooling exceeds the heating, the warm neutral
medium condenses to the cold neutral medium. At a saturation front, external heating and
radiative cooling are balanced at the front. They revealed that the plane-parallel evapora-
tion front is unstable and the condensation front is stable for corrugated perturbations. The
growth rate of thermal instability is proportional to the speed of the evaporation ow and
the corrugation wavenumber, but the instability is stabilized at the scale of the thickness of
the front.
Inoue et al. (2009) simulated the shock produced by a supernova explosion adopting the
above cooling function. The black curve in Figure 1.17 shows the thermal equilibrium. The
horizontal and vertical axes show the number density and pressure, respectively. Above the
thermal equilibrium curve, cooling is dominant. Otherwise, heating is dominant. When
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the density is perturbed in the unstable equilibrium state (red x-mark in Figure 1.17), the
density is increased further by cooling if the density is increased by the perturbation. If the
density decreases, it is decreased further by heating. In this way, the gas at the red x-mark
is unstable under isobaric perturbation.
Figure 1.17: Cooling function adopted in simulations by Inoue et al. (2009). The horizontal
axis is the number density and the vertical axis is the pressure. The red x-mark shows one
of unstable states.
Inoue et al. (2009) conducted a simulation starting from uniform gas in the unstable
branch. When this gas is perturbed, it forms both a cold, dense gas and a hot, light gas
because of thermal instability. They studied the propagation of the shock wave formed
by a supernova explosion through the multiphase ISM. The magnetic eld was assumed to
be uniform and parallel or perpendicular to the direction of shock propagation. For both
models, a dense region is formed by cooling instability behind the shock. In this region, the
magnetic eld is also amplied (Figure 1.18).
In this way, the bow shock ahead of the jet can also form cold, dense gas. Figure
1.19 schematically shows how the jet creates molecular clouds. When the jet propagates
in the warm ISM with a number density of 0:1 cm 3 and temperature of 104 K, cooling
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Figure 1.18: The results of 2D MHD simulations of shock propagation into the interstellar
medium (Inoue et al. 2009). Top and bottom pannels show density and magnetic eld
strength. In the left pannels, the shock propagates in the +y direction perpendicular to
magnetic elds. In the right pannels, the shock propagates in the +x direction parallel to
magnetic elds. For both results, the density and the magnetic eld increase behind the
shock.
is negligible behind the bow shock (the left panel of Figure 1.19). However, when the
supersonic jet is injected into an HI cloud, the density of the shock-compressed HI gas
exceeds the threshold for the onset of cooling instability (the right panel of Figure 1.19).
When the cooling instability is triggered and the temperature decreases, the density increases
further. This mechanism is similar to that of the formation of dense molecular gas by shock
compression of the ISM (e.g., Fragile et al. 2004; Inoue et al. 2006, 2009). Molecular clouds
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Figure 1.19: Schematic picture of the formation of molecular clouds by cooling instability
triggered by the bow shock of the jet.
can be formed around the surface of the HI-cavity drilled by the jet.
To study the formation mechanism of molecular clouds, we study the interaction of jets
with the ISM by MHD simulations taking account of interstellar cooling. In chapter 2, we
introduce the basic equations and numerical scheme. We report the results of application to
SS433 in chapter 3, to Westerlund 2 in chapter 4, and to the DHN in chapter 5. Finally, a
summary and discussion are presented in chapter 6.

Chapter 2
Formation of Molecular Clouds
Associated with the Galactic Jet
Source SS433
In this chapter, we report the results of MHD simulations of jet propagation and interaction
with an HI cloud including interstellar cooling. In section 2.1, we present basic equations
and numerical codes. In section 2.2, we present numerical models. Numerical results are
presented in section 2.3. These results are already reported in Asahina et al. (2014).
2.1 Numerical Method
The basic equations of ideal MHD are
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is the energy density of the gas. Here,  is the specic heat ratio. In the right hand side of
the energy equation (2.3), L is the cooling function. We neglect thermal conduction, so that
sharp temperature gradient can be preserved.
These equations are solved numerically by applying the HLLD scheme (Miyoshi & Kusano
2005). The HLLD scheme is a nite volume method to solve the magnetohydrodynamic
equations in the conservation form, in which a Riemann problem at the cell interface is solved
approximately by considering four intermediate states divided by two fast waves, two Alfven
waves, and one entropy wave. The HLLD scheme gives more accurate, less diusive solutions
than HLL scheme (Harten et al. 1983) which takes account of only two fast waves. Since the
computational cost of the HLLD scheme is much less than the exact Riemann solver, and it
is easier to implement HLLD scheme than other approximate Riemann solvers such as Roe
scheme (Roe 1981), the HLLD scheme is widely used in MHD simulations of astrophysical
phenomena. Second order accuracy in space is preserved by linearly interpolating the values
at the cell interface, and restricting them using the minmod limiter for SS433 (in this chapter)
and the double helix nebula simulations (chapter 4). To satisfy the solenoidal condition
r  B = 0, we applied the generalized Lagrange multiplier (GLM) scheme proposed by
Dedner et al. (2002). We solved the cooling term with time-implicit method.
2.2 Numerical Model
We carried out MHD simulations of jet propagation in a cylindrical coordinate (r; ; z). We
assume axisymmetry, but include the -component of velocity and magnetic eld.
Figure 2.1 shows the simulation model. The simulation domain is 0  r  200 pc and
0  z  100 pc. We apply free boundary condition at r = 200 pc and z = 100 pc and
symmetrical boundary condition at r = 0 and z = 0. For adiabatic simulations, the number
of grid points is (Nr; Nz) = (500; 1920). We used a uniform grid in z-direction. In the radial
direction, uniform grid with mesh size 0:054 pc is used in 0  r  15 pc, so that the jet
radius (rj = 1 pc) is resolved with 19 cells. In r  15 pc, we increased the grid spacing
with radius to avoid reection at the outer radial boundary. For simulations including the
cooling, we used twice as many grid points , (Nr; Nz) = (900; 3820) to resolve the thin, cold,
dense region surrounding the jet.
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Figure 2.1: Simulation model. The simulation region is lled with the warm ISM in 0  z 
50 pc and HI gas in 50 pc  z  100 pc. Supersonic, hot jet is injected in 0  r  1 pc, and
at z = 0.
In the initial state, the HI gas (T  200 K) is assumed to be in pressure equilibrium with
the warm ISM (T  104 K) at z = 50 pc. We assume that the HI gas and the warm ISM
are not magnetized at the initial state. The number density of the ambient medium and
HI cloud are namb = 0:15 cm
 3, and nHI  6:9 cm 3, respectively. The initial density and
temperature of the ISM are chosen such that they satisfy the thermal equilibrium condition
L = 0. We adopt the cooling function,
L = n(   + n) exp
(
 

max

T
7000
  1; 0
4)
(2.6)
  = 2 10 26 ergs s 1 (2.7)
 = 7:3 10 21 exp
 118400
T + 1500

+7:9 10 27 exp
 200
T

ergs cm3 s 1 (2.8)
where   and  are heating rate and cooling rate, respectively. Cooling rate is proportional
to n2 since the radiative cooling takes place by atoms excited by collisions. Heating rate is
proportional to n because we assumed that the ux of cosmic rays and photoionizing photons
are constant. They have the same form as those used by Inoue et al. (2006) but we modied
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it by cutting o the cooling in hot region where T > 14000 K and adjusting the last term in
equation (2.8) such that the equilibrium temperature is 200 K when n = nHI. We reduced
the cooling rate when T > 104 K so that the jet stays in hot (Tjet  105 K), low density
(njet < 0:1 cm
 3) state.
Figure 2.2 shows the thermal equilibrium curves of the cooling function (   = n in
equation (2.6)) adopted in this paper. The upper branch appears because we cut o the
cooling and heating for high temperature plasma. The lower branch has thermally stable
branches (solid curve) and an unstable branch (dashed curve) connecting two stable branches.
Figure 2.2: Thermal equilibrium curve for the cooling function adopted in this paper. The
horizontal axis is the number density and the vertical axis is the pressure. Dashed curve
indicates the unstable branch.
We inject a weakly magnetized jet from the injection region at z = 0 and 0 < r < rjet =
1 pc. The number density and temperature of the injected plasma in a canonical model
are njet  0:015 cm 3 = 0:1namb and Tjet = 105 K, respectively. The injection speed of
the jet vjet is chosen to be much smaller than that of the subrelativistic jet speed in SS433
(vjet = 0:26c) because we have to deal with very high Mach number ows. Here the Mach
number is dened as vjet=cs;jet, where cs;jet is the sound speed in the jet. When we numerically
solve the conservation form of energy equation to handle strong shocks, numerical accuracy
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of gas pressure degrades in high Mach number ows because gas pressure is derived by
subtracting kinetic energy from the total energy. Therefore, we carry out simulations for
ows with Mach number less than 20. Still, we can study the propagation of supersonic jet,
in which the dynamical pressure jetv
2
jet much exceeds the thermal pressure of the ambient
medium. We study the dependence of numerical results on vjet, and extrapolate the results
to extremely high Mach number ows.
Table 2.1: Model parameters.
Model cooling vjet (km s
 1) njet (cm 3) Tjet (K) _Mjet(g s 1) resolution
MA6 no 220 1:5 10 2 9:3 104 1:5 1019 500 1960
MC3 yes 110 1:5 10 2 9:3 104 7:3 1018 900 3920
MC6 yes 220 1:5 10 2 9:3 104 1:5 1019 900 3920
MC6H yes 680 1:5 10 3 9:3 105 4:7 1018 900 3920
MC12 yes 440 1:5 10 2 9:3 104 2:9 1019 900 3920
MC19H yes 2200 1:5 10 3 9:3 105 1:5 1019 900 3920
Table 1 shows the model parameters. MA6 is a model without cooling. Other mod-
els are models with cooling. For model MA6, MC6 and MC19H the mass ux of the jet
_Mjet = jetvjetr
2
jet  1019 g s 1 is chosen to be comparable to that of SS433 ( _Mjet 
1019g s 1). The jet speed for models MC3, MC6 and MC12 (Mach 3, 6 and 12) are
vjet = 110 km s
 1; 220 km s 1 and 440 km s 1. MC6H and MC19H are models with higher
jet temperature (Tjet  106 K) with cooling. The jet speed for models MC6H and MC19H
are vjet  680 km s 1 and 2200 km s 1, respectively. For magnetic elds, we assume that
the jet is injected with purely toroidal magnetic eld B / sin4(2r=rjet). We assumed
Pgas=Pmag = 100 at r = 0:5 pc. In pointing ux dominated jets, it is possible that Pmag
exceeds Pgas. However, we assumed weakly magnetized jets to study how the magnetic
elds are amplied during the propagation of the jet, and by cooling. The eects of strong
toroidal magnetic elds on the stability of the jet will be studied in subsequent papers by
three-dimensional magnetohydrodynamic simulations including cooling.
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2.3 Numerical Results
2.3.1 Formation of Cold, Dense Sheath in Simulations with Cool-
ing
Figure 2.3 shows the results of the numerical simulations without cooling (model MA6) and
with cooling (model MC6). Color shows the distribution of the density and temperature.
Figure 2.3 (a) shows the results of an adiabatic MHD simulation. A low density, hot jet
(T = 105 K) propagating in the warm ISM collides with the HI cloud at z = 50 pc. The jet
forms a bow shock, a jet terminal shock and internal shocks. The HI gas owing in through
the bow shock is compressed, and heated up. The temperature and density of the HI gas
increase to T  500 K and n  20 cm 3, respectively. The jet gas between the jet terminal
shock and the contact discontinuity separating the jet and ambient medium, is heated up to
T  106 K and the velocity along the jet axis reverses, forming a hot, low density backow
wrapping the jet (cocoon). The Kelvin-Helmholtz instability grows between the cocoon
and interstellar medium by their velocity shear. These structures are common to those in
conventional simulations (e.g., Norman et al. 1982).
Figure 2.3 (b) shows the results of MHD simulations including cooling. Before collision,
the jet structures are the same as those of adiabatic simulations since we cut o the cooling
in the jet. After collision the HI gas inowing through the bow shock is compressed. Subse-
quently the HI gas is cooled down by the cooling instability because cooling rate increases
by enhanced density, and forms a cool, dense region behind the bow shock. The bow shock
and the shock compressed region in adiabatic simulations are converted to this cold dense
sheath. As shown in Figure 2.3, the jet is heated up to T  106 K by the internal shock and
the jet terminal shock. In the cold sheath surrounding the jet, the density and temperature
are about 30 cm 3 and 100 K, respectively. This sheath is thinner in the jet head than in
sides of the jet. Molecular gas can be formed in these cold, dense region.
Numerical results indicate that a secondary shock appears around z = 55 pc at t =
14:7 Myr in the model with cooling (see the bottom panel in gure 2.3). The shock appears
more clearly in the velocity distribution displayed in top panels of gure 2.4. Color shows
the velocity component parallel to the jet axis, and arrows show velocity vectors. The jet
corresponds to the beam in the region r < 1 pc where vz = 220 km s
 1. The velocity reverses
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Figure 2.3: Density and temperature distribution. Results for (a) model MA6 and (b) model
MC6 at t = 14:7 Myr.
in the cocoon, and forms a backow with speed vz   50 km s 1. Black contours show the
isocontours of the radial velocity in the dense sheath where n > 10 cm 3. We found that
the jet is disrupted at t = 10:9 Myr around z = 55 pc. The disruption takes place because
the dense sheath wrapping the cocoon reects waves generated in the HI-cavity drilled by
the jet. Since the vortices created in the cocoon are conned by the sheath, they strongly
perturb the jet and block its propagation. The formation of the dense sheath results in the
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disruption of the jet. The top right panel of gure 2.4 shows that the jet beam in the HI-
cavity is recovered at t = 14:7 Myr but this beam is disconnected from the beam connecting
the jet source and the initial surface of the HI cloud.
Figure 2.4: Top panel shows vz distribution (color) and radial velocity vr = 0:5; 1:0 km s
 1
of the dense sheath where n > 10 cm 3 (black contours) and velocity (arrows) for a MHD
model with cooling at 10:9 Myr (top left) and 14:7 Myr (top right). The bottom panel shows
distribution of toroidal magnetic eld at t = 14:7 Myr for MHD simulations including the
cooling.
The toroidal magnetic eld between the terminal shock and the bow shock becomes
several times stronger than that before crossing the terminal shock. After the jet collides
with the HI gas, the magnetic eld is stored between the cocoon and the sheath and becomes
about 10 times stronger than that injected into the simulation region at z = 0 (the bottom
panel in Figure 2.4).
Figure 2.5 shows the distribution of the mean radial velocity vr and vz in the dense sheath
(n > 7 cm 3) for model MC6. In the region around the head of the jet, the cold dense sheath
moves along the jet axis with velocity vz  3 km s 1. This is the speed of the working surface
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of the jet, which can be computed by dividing the distance the jet propagates in the HI layer
(50 pc) by the jet crossing time 14:7 Myr. The radial velocity at the jet head, vr  1:5km s 1
is about half of the speed of the working surface. On the other hand, in the sides of the
jet, the sheath expands mainly in the radial direction with speed vr = 0:5  1 km s 1. The
radial velocity is nearly constant when z > 60 pc except the region near the head of the jet,
where vr  1:5 km s 1.
Figure 2.5: Distribution of the mean velocity of the high density region (n > 7 cm 3) for
model MC6. Solid and dashed curves show the radial velocity and the velocity along the jet,
respectively.
Figure 2.6 shows the column number density obtained by assuming that the HI cloud is
a cylinder with radius 50 pc. The column number density is about 1021:5 cm 2 in the dense
sheath formed around the jet-cloud interface. Figure 2.7 shows the column number density
of H2 when we assume solar abundance and neglect background UV radiation (e.g., Richings
et al. 2014). To determine the H2 number density, we estimate 2nH2=n in 10 K < T < 200 K
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from Figure 4 in Richings et al. (2014) as
2nH2
n
=
8><>:1 (n > 10
2 cm 3)
0:5min

1; (T=50) 1:16

(n = 1 cm 3)
(2.9)
and interpolate for n assuming log(2nH2=n) / log n. The column number density 1021 cm 2
in the dense sheath is consistent with the H2 column number density of molecular clouds
aligned with the SS433 jet (see Table I in Yamamoto et al. 2008). We can obtain the CO
intensity from the column number density of H2 by using the X-factor for typical molecular
clouds in the Galactic plane, N(H2)=W (
12CO) = 2:0 1020 cm 2=(K km s 1) (Lebrun et al.
1983; Bertsch et al. 1993). The CO intensity 1  10 K km s 1 obtained from our numerical
simulation is also consistent with the CO intensity 4 10 K km s 1 obtained by observations.
Figure 2.6: Column number density for model MC6 at t = 14:7 Myr.
Figure 2.8 shows the density and temperature distribution for the high temperature jet
model MC6H, in which the temperature of the jet at the injection point is Tjet = 10
6 K.
To consider Mach 6 jet, the jet speed is
p
10 times larger than that for model MC6. The
propagation of the working surface of the jet and the shape of the dense sheath are similar
to those for model MC6, in which Tjet = 10
5 K. This is because the kinetic energy of the
jet, jetv
2
jet=2, is the same for both models. It indicates that the dynamics of the jet and
the dense sheath do not depend signicantly on vjet and the jet temperature (or the cooling
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Figure 2.7: Column number density of H2 and the CO intensity for model MC6 at t =
14:7 Myr.
function of the jet plasma) when the kinetic energy of the light jet (jet < ambient) is the
same.
Figure 2.8: Density and temperature distribution for model MC6H at t = 14:7 Myr.
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2.3.2 Dependence on the Beam Velocity
In this subsection we show the dependence of numerical results on the beam velocity. We
change the kinetic energy of jets, while the jet has the same kinetic energy for models MC6
and MC6H in the previous section. Figure 2.9 (a) shows results for a model with slower beam
speed (model MC3). For model MC3 the speed of the jet working surface is vws = 1:8 km s
 1,
which is about half of that for model MC6. Since the velocity of the beam and the kinetic
energy of the jet are smaller than that of MC6, the velocity of the backow decreases.
Since the cocoon becomes more turbulent when the backow is slow, the beam tends to be
disrupted, and does not extend to the jet head. The growth of the KH instability is observed
in the region z > 60 pc. Similarly to model MC6, shock compression of the HI gas triggers
the cooling instability which forms dense cold sheath surrounding the jet. The width of the
sheath in the jet sides is larger than that of model MC6 because the jet propagation takes
longer time, and the radial expansion speed of the dense sheath region is almost the same
for both models.
Figure 2.9 (b) shows results for Mach 12 jet (model MC12). The speed of the jet working
surface is 8 km s 1. The faster backow formed by the faster beam makes the cocoon
more stable. The sheath around sides of the jet is thinner than other models because the
propagation time of the jet is shorter.
Let us compare the physical parameters of the SS433 jet with those of our model. The
jet speed vjet  220 km s 1 adopted in model MC6 is much slower than 0:26c measured
by Doppler shifts of the line emission from the SS433 jet (Margon & Anderson 1989). We
adopted smaller jet speed in our simulations to avoid numerical instabilities in high Mach
number ows. The crossing time of the working surface ahead of the jet across the HI cloud
with size 50 pc can be obtained by dividing this size with the speed of the working surface
vws. When the jet with speed vjet = 0:26c is injected into the HI cloud, the balance of the
dynamical pressure of the jet and the ambient medium with density a gives (e.g., Todo
et al. 1992)
jetr
2
jetv
2
jet = ar
2
wsv
2
ws (2.10)
where jet is jet density and rjet and rws are the width of the jet and working surface,
respectively. Here we assumed vjet  vws. By using the mass ux of the jet _Mjet = r2jetjetvjet
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Figure 2.9: Density and temperature distribution for (a) model MC3 at t = 27:1 Myr and
(b) model MC12 at t = 5:84 Myr.
and combining this equation with (2.9), we obtain
vws =
s
vjet _Mjet
arws
(2.11)
When vjet = 0:26c, _Mjet = 10
19 g s 1 (Marshall et al. 2002), a = 3  10 25 g cm 3 and
rws = 4 pc, we obtain vws = 50 km s
 1. This speed is 20 times faster than the speed of
the working surface in our simulations (model MC6) because vjet = 0:26c is 400 times faster
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than vjet = 220 km s
 1 in model MC6. The crossing time of the working surface across the
HI cloud is 106 yr when vws = 50 km s
 1.
Figure 2.10 shows the mean radial velocity for models MC3, MC6, and MC12 measured
at dierent time, t = 27:1; 14:7, and 5:84 Myr, respectively. The radial velocity at the jet
head is about half of the speed of the working surface of the jet. The radial expansion speed
of the dense sheath increases with the jet speed.
Figure 2.11 shows the time evolution of the mean radial velocity at z = 65 pc.
Figure 2.10: Mean radial velocity of the high density region (n > 7 cm 3). Solid, dashed,
and dotted curves show the results for models MC3, MC6, and MC12, respectively.
We can estimate the radial velocity of the dense gas at the sheath from the following
argument. We assume the shape of the sheath to be a hollow cylinder whose inner and outer
radius, density and radial velocity at t = t0 are ri; ro;  and vr, respectively, and vz = 0. We
denote those at t = t0 as r0i; r
0
o; 
0 and v0r. Mass conservation and momentum conservation
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Figure 2.11: Time evolution of the mean radial velocity at z = 65 pc for models MC3 (solid
curve), MC6 (dashed curve), and MC12 (dotted curve).
equations are
(r2o   r2i ) + HI(r02o   r2o) = 0(r02o   r02i ) (2.12)
(r2o   r2i )vr = 0(r02o   r02i )v0r (2.13)
Solving for v0r, we obtain
v0r =

1 +
HI (r
02
o   r2o)
 (r2o   r2i )
 1
vr (2.14)
Substituting v0r = dr
0
o=dt into equation (2.14) and integrating it, we obtain
A
3r2o
r03o + (1  A)r0o = vrt+ (1 
2
3
A)ro (2.15)
where
A =


HI

1  r
2
i
r2o
 1
(2.16)
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If the HI gas pushed radially outward by the jet expands only in the radial direction, mass
conservation equation is
HIr
2
o = (r
2
o   r2i ) (2.17)
Substituting equation (2.17) into equation (2.16), we obtain A = 1. Therefore, from equation
(2.15),
r0o =
 
3r2ovrt+ r
3
o
 1
3 (2.18)
and
v0r =
dr0o
dt
= r2ovr
 
3r2ovrt+ r
3
o
  2
3 (2.19)
Figure 2.12 shows the time evolution of v0r for initial radial velocities vr = 2; 20, and
200 km s 1. The radial velocity becomes a few km s 1 at t  10 Myr even if it's ini-
tially 200 km s 1. This radial velocity is consistent with the observed velocity 2  5 km s 1
derived from the line width V of the composite spectrum of the molecular clouds aligned
with the SS433 jet and VLSR reported in Table 1 in Yamamoto et al. (2008).
For all models, the shape of the interface between the cocoon and the dense sheath is
similar. We can determine its shape using equation (2.18) as
r =

3r2i vr (t  t0)
 1
3 (2.20)
where we rewrite r0o to r and ro to ri and ignore the second term in equation (2.18). Here,
t0 is the time when the jet head passes. The position of the jet head can be evaluated by
using equation (2.10) as
z = vwst0 = Bvjett0 (2.21)
B =
r
jet
HI
rjet
r2ws
(2.22)
Eliminating t0 from equation (2.20) and equation(2.21), the radius of the interface can be
obtained as a function of r; z; t as
r3 = 3r2i vr

t  z
Bvjet

(2.23)
Assuming vr = Cvjet (C is constant),
r3 = 3r2i C

vjett  z
B

(2.24)
When vjett is the same, the shape of the interface is the same even if vjet is dierent. In
Figure 2.13, color shows the result for model MC6 at t = 14:7 Myr and black curve shows
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Figure 2.12: Time evolution of the radial velocity for initial radial velocities 2 km s 1 (solid
curve), 20 km s 1 (dashed curve), and 200 km s 1 (dotted curve).
the interface determined from equation (2.24) when ri = 7:4 pc, rws = 3:15 pc, C = 10
 2
and t = 13:0 Myr. Here t = 13:0 Myr is the time since the jet head collides with the HI
cloud.
Figure 2.14 shows the time evolution of the total mass of the cold, dense sheath. When
the beam velocity is high, the total mass increases since the region where the number density
is larger than 20 cm 3 increases. The total mass of the HI gas swept by the bow shock limit
the maximum total mass. When the swept up HI gas is originally located in a cylinder whose
radius and length are rHI pc and hHI pc, respectively, we can estimate the maximum total
mass
Mmax  0:47MrHI2hHI
 nHI
6:9 cm 3

(2.25)
where M is the solar mass. For model MC12, substituting rHI = 13 pc and hHI = 50 pc
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Figure 2.13: Density distribution for model MC6. The black curve shows the location of the
interface estimated by equation (2.24) in the text.
to equation (2.25), we get Mmax  4000M. Figure 2.14 shows that the total mass of the
sheath is about 3200M which is close to Mmax. Further increase of the beam velocity does
not aect the total mass of the cold, dense gas.
Figure 2.15 shows the result for a high Mach number model for which the mass ux of
the jet is equal to that for model MC6. Since the kinetic energy of the jet is higher than
that for model MC6, the cold dense sheath becomes thinner. This result is more similar to
that for model MC12 than that for model MC6 since the kinetic energy of the jet is closer
to that for model MC12.
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Figure 2.14: Time evolution of the total mass of the high density gas (n > 20 cm 3). The
horizontal axis is the position of the jet head.
Figure 2.15: Density and temperature distribution for model MC19H at t = 3:53 Myr.

Chapter 3
Jet Propagation in a Medium with
Clumpy HI Clouds
In this chapter, we show the results of 3D MHD simulations of the formation of molecular
clouds toward the stellar cluster Westerlund 2 and the TeV -ray source HESS J1023-575.
3.1 Numerical Model
The distribution of CO gas observed by NANTEN2 and Mopra toward the stellar cluster
Westlund 2 revealed the existence of jet-like clouds on the left side of the HESS -ray source
J1023-575 and an arc-like cloud on the right side of the -ray source (see Figure 1.9). If
both clouds were formed by the same energy injection event, the asymmetry of the molecular
cloud distribution may be due to the dierence in the distribution of the HI clouds. In the
simulations presented in the previous chapter, we studied the interaction of a jet with a
dense HI gas layer. Here we study the interaction of a jet with clumpy HI clouds.
Figure 3.1 schematically shows the interaction of a jet with clumpy HI clouds. When the
lling factor of the HI clouds is moderate, the jet will propagate along the channels between
the HI clouds (on the left side of Figure 3.1). On the other hand, when the lling factor is
large, an arc-like molecular cloud may be formed (on the right side of Figure 3.1).
Figure 3.2 shows our simulation model for clumpy HI clouds. We conducted 3D MHD
simulations in Cartesian coordinates (x; y; z). We injected a Mach 3 jet with a radius of 1
pc from the left boundary. The jet speed is about 5:8  102 km s 1. We assumed that the
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Figure 3.1: Schematic picture of the interaction of a jet with the HI clumps. When the iling
factor is small (left), the jet propagating in channels between the HI clumps forms jet-like
molecular clouds. When the lling factor is large (right), the jet sweeps the HI clouds and
forms an arc-shaped molecular cloud.
Figure 3.2: Our simulation model. The HI clumps with radius 2 pc distribute randomly in
the region z > 10 pc.
temperature and number density of the jet are about 2106 K and 510 4 cm 3, respectively.
The magnetic eld strength is assumed to be the same as that in the models presented in the
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previous chapter. The size of the simulation region is (Lx; Ly; Lz) = (40 pc; 40 pc; 60 pc) and
the number of grid points is (Nx; Ny; Nz) = (400; 400; 600). The grid size is (x;y;z) =
(0:1 pc; 0:1 pc; 0:1 pc). We imposed a symmetric boundary condition at z = 0, and the
other boundaries are assumed to be free boundaries. We applied an MHD code based on the
HLLD Riemann solver with fth-order spatial accuracy. The spatial accuracy is achieved
by applying the WENO-Z (Borges et al. 2008) and Monotonicity-Preserving (MP) schemes
(Suresh & Huynh 1997). We placed spherical HI clumps with radii of 2 pc and densities
nHI = 6:9 cm
 3 randomly in the region z > 10 pc. The HI clumps are assumed to be in
pressure equilibrium with the warm ISM. The parameters of the warm ISM are the same as
those in chapter 2. The volume lling factor of the HI clumps, dened as the ratio VHI=Vtotal,
is assumed to be 0.2, 0.8, and 0.9, which we call models F02, F08, and F09, respectively.
For a large cloud model, we assume an HI cloud with a radius of 10 pc at z = 45 pc. The
size of the simulation region is (Lx; Ly; Lz) = (24 pc; 24 pc; 60 pc). The grid size, boundary
conditions, and jet parameters are the same as those for the clumpy HI clouds models.
3.2 Numerical Results
3.2.1 Results for the Large Cloud Model
Figure 3.3 shows a result for the large HI cloud model at 11:5 Myr in y = 0 plane. The
shock-compressed HI cloud is cooled to about 50 K by cooling instability, and a cold, dense
sheath, indicated by dark blue, is formed. The region between the jet terminal shock and the
jet-cloud interface becomes turbulent, and the cocoon expands in the direction perpendicular
to the jet axis. This radial expansion produces an arc-like cold, dense cloud.
Figure 3.4 shows the distribution of the toroidal magnetic eld in y = 0 plane, which
exhibits an irregular, turbulent distribution in the head of the jet. The magnetic eld
accumulates at the jet-cloud interface and becomes about 5 times stronger than that in the
jet.
We computed the column number density of atomic hydrogen [Figure 3.5 (a)] and the H2
column number density [Figure 3.5 (b)] observed from the +x direction. To compute the H2
column number density, we estimated the H2 number density by the same method as in sec-
tion 2.3.1. We used the X-factor N(H2)=W (
12CO(J = 1 0)) = 1:61020 cm 2=(K km s 1)
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Figure 3.3: Temperature distribution at t = 11:5 Myr in y = 0 plane. The arc-like cold,
dense sheath is formed.
Figure 3.4: Distribution of the toroidal magnetic eld in y = 0 plane. The magnetic eld
becomes turbulent around the head of the jet and is accumulated in the jet-cloud interface.
(Hunter et al. 1997) adopted in Furukawa et al. (2014). The column number density is high
in the sheath. The peak column number densities ahead of the jet are N  11021 cm 2 and
N(H2)  0:4 1021 cm 2. The peak of the integrated intensity of the HI 21 cm line is about
103 K km s 1 (McClure-Griths et al. 2005). The column number density is estimated to
be 1:8 1021 cm 2 by using the conventional factor 1:8 1018cm 2=(K km s 1). The peak
column number density in the simulations is comparable to that in HI observations. The
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peak H2 column density is smaller than the value of N(H2)  2:7  1021 cm 2 obtained
by CO observations. This is because the width of the high column density region in our
simulations ( 10 pc) is about half that of the observation.
Figure 3.5: (a) Column number density of atomic hydrogen and (b) column number density
of H2 and the CO intensity at t = 11:5 Myr observed from the +x direction. For both
column number densities, the peak appears ahead of the jet. The peak of the column
number density is the order of 1021 cm 2 and the peak of the H2 column number density is
about 0:4 1021 cm 2
Figure 3.6 (a) and (b) show the position-velocity diagrams obtained from the column
density of atomic hydrogen and the H2 column density observed from the +x direction,
respectively. The velocity dispersion is about 2 km s 1 in the simulation, which is about
half that in the observation [see Figure 1.9 (c)]. This is because the velocity of the molecular
cloud depends on the jet speed (see section 2.3.2).
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Figure 3.6: Position-velocity diagrams for (a) the column number density of atomic hydrogen
and (b) the column number density of H2 observed from the +x direction. The horizontal
axis is z position and the vertical axis is the line-of-sight velocity.
3.2.2 Results for Clumpy HI Clouds Model
Figure 3.7 (a), (b), and (c) show the results for model F02 at 4:9 Myr, model F08 at 8:5 Myr,
and model F09 at 12:5 Myr, respectively. Since the jet propagates along the channels between
the HI clumps, it breaks up into branches, and cold, dense clumps, indicated by dark blue,
are formed by shock compression.
Figure 3.8 (a), (b), and (c) show the maximum number density at each z for models
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Figure 3.7: Temperature distribution of the results for (a) model F02, (b) model F08, and
(c) model F09. Dark blue shows the cold, dense clumps. The jet breaks up into branches
especially for model F02.
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Figure 3.8: Maximum number density at each z. Results for (a) model F02, (b) model F08,
and (c) model F09.
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F02, F08, and F09, respectively. The maximum number density is 150   300 cm 3 for all
the models. The number density is high in the region where HI clumps are compressed by
the jet. As time goes on, the high density region moves in the +z direction. At the sides of
the jet, the number density of the condensed gas decreases to 20   30 cm 3. This result is
consistent with the observation that the CO emission is weaker near the Tev -ray source
(Figure 1.9). For all the models, the maximum number density gradually decreases with
time because the turbulence in the head of the jet decreases the ram pressure at the working
surface.
Figure 3.9 shows the vz distribution in y = 0 plane. The jet is bent by the collision of HI
clumps at z = 35 pc, and the jet changing into direction after the collision extends to about
z = 50 pc for model F02. The jet extends to about z = 35 pc and z = 45 pc for models F08
and F09, respectively.
Figure 3.10 (a), (b), and (c) show the maximum velocity in the xy plane in the region
where vz > 0 for models F02, F08, and F09, respectively. In the early stage (dotted curves),
the interface between the jet (v > cs;jet  200 km s 1) and the ambient gas is sharp for
the velocity, where cs;jet is the sound speed of the jet in the injection region. In the later
stage, the interface is broadened by turbulence excited around the head of the jet. The
beam having a velocity comparable to the injection velocity of the jet extends to z = 30 pc,
35 pc, and 40 pc for models F02, F08, and F09, respectively, in the last stage (solid curves).
These positions correspond to the position at which the jet collides with HI clumps (see
Figure 3.7). Since the jet becomes turbulent after the collision with a clump, the jet speed
gradually decreases and forms a broader interface for the velocity between the jet and the
ambient medium.
Figure 3.11 shows the propagation of the jet. We plot the maximum z in the region where
vz exceeds 200 km s
 1. The results are the same at z < 10 pc since the jet propagates in
the region without HI clumps. For model F02, the jet propagates faster than other models
since the lling factor is small. However, the jet speed for model F08 is not always faster
than that for model F09 because the HI clumps are located randomly in the initial state.
The propagation speed of the jet depends on the density distribution of the ISM. Ap-
plying equation (2.10) to two densities of clump HI and of the ISM ISM, we estimate the
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Figure 3.9: Distribution of the axial velocity vz for (a) model F02, (b) model F08, and (c)
model F09 in y = 0 plane. Violet shows the beam and red shows the backow.
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Figure 3.10: Maximum velocity at each z in the region where vz > 0 for (a) model F02, (b)
model F08, and (c) model F09.
58 3.2. NUMERICAL RESULTS
Figure 3.11: Propagation of the jet. The vertical axis shows the position of the front end of
the jet where the velocity exceeds 200 km s 1. The jet propagates throuth the warm ISM
before the jet collides with the HI clumps. The jet for model F02 propagates faster than
that for model F08 and F09.
propagation speed of the working surface as
vws;HI = vjet
rjet
rws
r
jet
HI
(3.1)
vws;ISM = vjet
rjet
rws
r
jet
ISM
(3.2)
where vws;HI and vws;ISM are the propagation speed of the jet in the HI cloud and in the warm
ISM, respectively. Substituting our simulation parameters in equations (3.1) and (3.2), we
obtain vws;HI = 2:5 km s
 1 and vws;ISM = 17 km s 1 when rws is 2 pc. The propagation time
scale is estimated to be
t =
fL
vws;HI
+
(1  f)L
vws;ISM
(3.3)
where f is the volume lling factor of the HI clouds, and L is the length scale of the jet. In
the region z < 10 pc, since the lling factor of the HI clouds is 0, the propagation time scale
is 10 pc=vws;ISM = 0:56 Myr. If we assume that L is the length of the beam at z > 10 pc,
L = 38 pc for model F02, L = 25 pc for model F08, and L = 35 pc for model F09. We
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obtain the propagation time scale t = 5:1 Myr for model F02, t = 8:5 Myr for model F08,
and t = 12:7 Myr for model F09. The mean propagation velocity of the jet, evaluated as
vprop = L=t =

f
vws;HI
+
1  f
vws;ISM
 1
(3.4)
for models F02, F08, and F09 is estimatied to be vF02 = 7:9 km s
 1; vF08 = 3:0 km s 1, and
vF09 = 2:7 km s
 1, respectively.
Figure 3.12: Propagation speed of the jet dened as (z(t)   z(1 Myr))=(t   1 Myr). The
propagation speed approaches to the mean propagation velocity of the jet estimated from
equation (3.4). For model F02, the propagation speed becomes smaller than the estimated
value. This is because the jet propagates obliquely after the collision with HI clumps and
decrease of the velocity in the head of the jet decrease the ram pressure in the working
surface.
Figure 3.12 shows the mean propagation speed of the jet after it collides with the HI
clumps. The mean propagation speed, which is dened as (z(t)   z(1 Myr))=(t   1 Myr),
decreases and approaches the propagation speed estimated above. In the last stage, it is
about 6 km s 1 for model F02 and about 3 km s 1 for models F08 and F09. For model F08
and model F09, the propagation velocity is comparable to the estimated value. For model
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F02, it becomes smaller than the estimated value of 7:9 km s 1. This is because the jet
propagates obliquely after colliding with the HI clumps at z = 30 pc, and the decrease in
the velocity in the head of the jet [see Figure 3.10 (a)] decreases the ram pressure at the
working surface.
Figure 3.13 (a), (b), and (c) show the column number density for models F02, F08,
and F09, respectively. Shock compression by the jet occurs in various places where the jet
sweeps the clouds. Therefore, cold, dense clouds are distributed more widely than in the
large HI cloud model (see Figure 3.5). For model F09, an HI cavity is formed in the region
10 pc < z < 30 pc. The peak column number density is on the order of 1021 cm 2, which is
consistent with that in HI observations.
Figure 3.14 shows the column number density of H2 and the CO intensity obtained by
the method described in section 2.3.1. The peak of the CO intensity is located in the regions
where the jet swept the HI clouds at 30 pc < z < 50 pc for model F02, 30 pc < z < 35 pc
for model F08, and 35 pc < z < 45 pc for model F09. The peak CO intensity is about
2:5 K km s 1, which is smaller than that in CO observations. For model F09, the CO
distribution approaches that in the arc clouds. The numerical results indicate that as the
lling factor increases, the distribution of the molecular clouds approaches that in the arc-like
clouds.
Figure 3.15 and 3.16 show position-velocity diagrams for the column density and H2
column density, respectively. The dispersion of the line-of-sight velocity is 1   2 km s 1,
which is comparable to that in the large HI cloud model and is half that in observations of
the jet cloud. The bright region at z > 50 pc is formed by HI clumps compressed by the
bow shock. The position-velocity diagram for the H2 column number density is similar to
that for the column number density.
We would like to estimate the lling factor of HI clouds on the side of the jet clouds by
applying equation (3.3). The jet propagation time scale for the jet cloud should be the same
as that for the arc cloud, and is given by
fjc
vws;HI
+
1  fjc
vws;ISM

Ljc =

fac
vws;HI
+
1  fac
vws;ISM

Lac (3.5)
where subscripts \jc" and \ac" denote the parameters for the jet cloud and arc cloud, re-
spectively. We assumed that the jet parameters and density of the ISM and HI cloud are
the same for the jet cloud and arc cloud. If we solve for fjc and use equation (3.1) and (3.2),
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Figure 3.13: Column number density for (a)
model F02, (b) model F08, and (c) model
F09. The distribution becomes broader
than the big HI cloud model. For model
F09, HI-cavity is formed by the jet sweep-
ing HI clumps. The peak column number
density is about 1021 cm 2.
Figure 3.14: Column number density of H2
and 12CO(J = 1 0) intensity for (a) model
F02, (b) model F08, and (c) model F09.
The peak of the H2 column number den-
sity is formed in the region where the jet
collides with the HI clumps and is about
0:4 1021 cm 2.
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Figure 3.15: Position-velocity diagrams for
(a) model F02, (b) model F08, and (c)
model F09. The horizontal axis is parallel
to the jet axis (z-axis) and the vertical axis
is the line-of-sight velocity. The dispersion
of the velocity is 1  2 km s 1.
Figure 3.16: Position-velocity diagrams for
H2 for (a) model F02, (b) model F08, and
(c) model F09. The velocity dispersion is
smaller than that in gure 3.15.
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equation (3.5) becomes
fjc = fac
Lac
Ljc
+

1  Lac
Ljc

vws;ISM
vws;HI
  1
 1
(3.6)
= fac
Lac
Ljc
+

1  Lac
Ljc
r
HI
ISM
  1
 1
(3.7)
This equation does not depend on the jet parameters. When Ljc = 90 pc, Lac = 40 pc,
assuming that the density of the ISM and HI clouds are the same as that in our simulations,
we obtain
fjc  0:44fac + 0:17 (3.8)
Since 0  fac  1, the range of fjc is 0:17  fjc  0:61. The numerical results indicate
that when fac > 0:9, an arc-like molecular cloud is formed. As a result, we obtain 0:57 
fjc  0:61. The ages of the jet cloud and arc cloud are estimated to be a few million years.
Substituting t = 2 Myr; rws = 2 pc; f = 0:6; L = 90 pc, and the density of the jet assumed
in our simulation in equation (3.3), we obtain vjet  6:6  103 km s 1. The kinetic energy
injected by the jet is on the order of 1036 erg s 1.

Chapter 4
Formation of Molecular Clouds
surrounding the Double Helix Nebula
near the Galactic Center
In this chapter, we report the results for the formation mechanism of molecular clouds with
line-of-sight velocities of 0 km s 1 and  35 km s 1 surrounding the DHN. In order to explain
two components line-of-sight velocity, we consider the interaction of the jet with HI clouds
rotating around the rotational axis of our galaxy.
4.1 Numerical Model
Let us apply our simulation code to the formation of molecular columns surrounding the
Double Helix Nebula (DHN). The shape of the DHN strongly indicates that helical magnetic
elds exist at the core of the molecular column. Such magnetic elds can be formed by a
magnetic tower mechanism (e.g., Kato et al. 2004), in which magnetic loops anchored to the
accretion disk surrounding the Galactic center supermassive black hole Sgr A* are twisted
by the dierential rotation of the disk, and expands in the vertical direction. Since the
magnetic tower jet compresses the HI clouds, molecular columns can be formed.
We should note that CO observations indicate that the molecular clouds surrounding the
DHN have two components with dierent line-of-sight velocities; 0 km s 1 and  35 km s 1.
Since the velocity of molecular clouds formed by the jet-HI cloud interaction (several km s 1)
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is much smaller than the velocity dierence, here we consider a model which takes account
of the rotation of the HI clouds around the rotation axis of our galaxy.
Figure 4.1: Simulation model for the
DHN. We injected a jet with angle 0 or
10 between the jet axis and rotation axis
into rotating HI clumps.
Figure 4.2: Rotation speed of the warm ISM
and HI clumps. The horizontal axis is radial
distance from the rotation axis.
Figure 4.1 shows our simulation model for the DHN. We assumed that spherical HI
clumps with radius 2 pc distribute in the region z > 5 pc, randomly. Gravitational potential
is assumed to be
	 =   GMp
x2 + y2 + z20
(4.1)
where G is the gravitational constant. We assumed M  4:4  106 M and z0 = 10 pc,
respectively. Since we focus on the eect of the rotation of HI clumps, we neglected the
gravity in z direction. The warm ISM and HI clumps are assumed to be corotating with
the rotation speed shown in Figure 4.2. We note that the horizontal axis is the distance
from the rotation axis. We injected a Mach 20 jet whose velocity is about 2:3 103 km s 1.
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The temperature of the jet is about 106 K. An angle between the jet axis and the rotation
axis is assumed to be 0 or 10. We assumed uniform poloidal magnetic eld parallel to
the rotation axis. The plasma beta is assumed to be 100. We solved basic equations in
Cartesian coordinates. The size of simulation region is (x; y; z) = (40 pc; 40 pc; 60 pc) and
the number of grid points is (Nx; Ny; Nz) = (400; 400; 640). The grid size is (x;y;z) =
(0:1 pc; 0:1 pc; 0:09375 pc). We imposed symmetric boundary condition at z = 0 and free
boundary condition at z = 60 pc. We assumed absorbing boundary in r > 20 pc. We applied
an MHD code based on the HLLD Riemann solver with 2nd order spacial accuracy used in
chapter 2.
Figure 4.3: Temperature distribution of results for (a) the axial jet model at 0:5 Myr and
(b) the non-axial model at 0:9 Myr. The dashed line and dotted line show the jet axis and
the rotaion axis, respectively.
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Figure 4.4: Line-of-sight velocity observed from  y direction in y = 0 pc plane for (a) the
axial jet model at 0:5 Myr and (b) the non-axial model at 0:9 Myr. Red shows the gas
moving away from us and violet shows the gas moving toward us.
4.2 Numerical Results
Figure 4.3 (a) shows the temperature distribution of the result for the axial jet model. Light
blue and dark blue show the HI clumps and cold, dense clumps formed by the interaction
of the jet, respectively. The shocked HI clumps cool down to about 40 K by interstellar
cooling. Figure 4.3 (b) shows the result for non-axial jet model. The dashed line shows the
rotation axis and the dotted line shows the jet axis. The jet propagates obliquely and cold,
dense clumps are formed around the jet. The temperature and density of the cold, dense
clumps are 40 K and 800 cm 3, respectively. These values are comparable to those for the
axial jet model.
Figure 4.4 (a) and (b) show the vy distribution for the axial model and the non-axial
model, respectively, which corresponds to the line-of-sight velocity observed from  y direc-
tion in y = 0 pc plane. In the initial state, the line-of-sight velocity of the warm ISM and HI
clumps are positive in x < 0 pc and is negative in x > 0 pc. The cocoon of the jet rotates
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in the   direction because the ambient medium compressed by the jet originally rotates in
that direction.
Figure 4.5 (a) shows the 3D image of the density distribution for the axial jet model.
Blue shows the jet gas and orange shows the dense clumps. The maximum density is about
800 cm 3. Since we injected the axial jet, the distribution of the cold, dense clumps is nearly
symmetric to the rotation axis except in the head of the jet. For the non-axial jet model,
asymmetric structures appear in the region where z is larger than 30 pc (gure 4.5 (b)).
Figure 4.5: 3D images of the density distribution for (a) the axial jet model and (b) the
non-axial jet model. Blue and orange show the jet and cold, dense clumps, respectively. For
the axial jet model, structures of the jet and distribution of the dense clumps are nearly
axisymmetric. Asymmetric structures appear in the head of the jet for the non-axial jet
model.
Figure 4.6 shows the column density obtained by integrating the density in the region
where the temperature is smaller than 100 K. We computed column density observed from
the azimuth angle  = 220. The dashed line shows the rotation axis. In Figure 4.6 (a),
for the axial jet model, the distribution of the cold, dense clumps looks nearly symmetric
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to the rotation axis. Figure 4.6 (b) shows the result for the non-axial model. The dotted
line shows the jet axis. In z < 40 pc, the distribution of the cold, dense clumps looks nearly
symmetric such as the axial jet model. In the region where z is larger than 40 pc, the cold,
dense clumps locate near the jet axis.
Figure 4.6: Column density of the cold, dense clumps observed from the azimuth angle
 = 220 for (a) the axial jet model and (b) the non-axial jet model. In the region z < 40 pc,
for both models, the distribution of the cold, dense clumps looks nearly symmetric. For the
non-axial model, asymmetric structures appear in z > 40 pc.
Figure 4.7 (a) shows the position-velocity diagram for the column density for the axial jet
model. The line-of-sight velocity ranges from  30 km s 1 to 30 km s 1 which corresponds
to the rotation speed of the HI clumps. For the non-axial jet model (Figure 4.7 (b)), when z
is smaller than 40 pc, the line-of-sight velocity ranges from  30 km s 1 to 30 km s 1, which
is comparable to that for the axial jet model. On the other hand, when z is larger than
40 pc, the line-of-sight velocity is mainly  30 km s 1. These clouds can correspond to the
 35 km s 1 clouds observed in our galactic center.
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Figure 4.7: Position-velocity diagrams of the cold, dense clumps observed from the azimuth
angle  = 220 for (a) the axial jet model and (b) the non-axial jet model. For the non-axial
model, the  30 km s 1 component distributes in z > 40 pc.

Chapter 5
Summary and Discussion
We have shown by performing MHD simulations including interstellar cooling that the cold
dense sheath surrounding the jet is formed when the low-density, supersonic jet collides with
the cool (T  200 K) HI cloud. We summarize and discuss the results for SS433 in section
5.1, for Westerlund 2 in section 5.2 and for the DHN in section 5.3, respectively.
5.1 Galactic Jet Source SS433
The interaction of the jet with the HI cloud is essential for the transition of the shock
compressed gas to the cold (T  10 K) state. The density and temperature of the cold,
dense gas is comparable to those in molecular clouds. This mechanism can explain the
origin of molecular clouds aligned with the X-ray jet of SS433 and their association with the
HI cloud (Yamamoto et al. 2008). On the other hand, when the ambient medium is warm
ISM with temperature T  104 K, the shock compressed ISM stays in the warm state with
higher density.
Observations indicate that the integrated intensity of the HI cloud along the axis of the
SS433 jet is about 800 K km s 1 (Yamamoto et al. 2008). The column number density
estimated by using the conventional factor 1:8  1018 cm 2=(K km s 1) is 1:4  1021 cm 2.
When the depth of the HI cloud is 50 pc, we can estimate the number density of the HI
cloud to be 10 cm 3, which is comparable to that we assumed in our simulation.
The present numerical simulations have shown that the formation of the molecular clouds
by the jet requires a timescale of 106 yrs. This is much longer than the age of W50, 2104 yrs,
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estimated by assuming that W50 is a supernova remnant (Geldzahler et al. 1980). Goodall
et al. (2011) carried out hydrodynamic simulations of the SS433 jet and showed that the
W50 radio shell is consistent with such a short timescale. We should, however, note an
alternative mechanism that a radio shell like W50 is being formed by the winds from a
supercritically accreting black hole with a mass accretion rate exceeding the Eddington limit.
According to the radiation hydrodynamic simulations of supercritical black hole accretion
(e.g., Kawashima et al. 2009), radiation pressure driven wind emanating from the accretion
disk can inject energy of order 1038 erg s 1 for life time of the supercritical accretion. If the
life time of SS433 is 106 yrs, the energy supplied by the wind ( 1051 erg) is comparable
to that by supernova explosion. Recently, asymmetric radio and X-ray bubbles similar to
W50 were found around a microquasar S26 in NGC7793 (Pakull et al. 2010; Soria et al.
2010) and an ultraluminous X-ray source (ULX) IC 342 X-1 (Cseh et al. 2012). They can
be inated by jets and outows from a supercritically accreting black hole. Therefore, it is
a viable alternative that W50 is a bubble which has been continuously driven by the winds
from SS433 over the last 106 yrs.
X-ray observations (Sa-Harb & Oegelman 1997; Brinkmann et al. 1996) and radio ob-
servations (Downes et al. 1981; Elston & Baum 1987) of W50 reported that X-ray and radio
are strong near the eastern edge of W50 where the SS433 jet is drilling the HI cloud. Our
numerical results indicate that the radio lament is not necessarily be the jet terminal shock
at the leading edge of the jet but a secondary shock formed in the HI-cavity (see the top left
panel in Figure 2.4). The jet terminal shocks and jet internal shocks can produce synchrotron
emitting relativistic electrons. In high Mach number jets such as model MC19H, since the
Mach number at the jet terminal shock and the jet internal shock can exceed 20, relativistic
electrons can be produced quickly by shock surng mechanism with the Buneman instability
(Matsumoto et al. 2013). The relativistic electrons will be accelerated further by diusive
shock acceleration. Since the jet terminal shock near the leading edge of the jet is recovered
from time to time, faint radio and X-ray emission may be detected in the HI-cavity if this
region is observed with high sensitivity.
Let us discuss the eects of precession of the SS433 jet. The current precession period and
the precession angle of the SS433 jet are 162 days and 20 degrees, respectively. According to
the 3D relativistic hydrodynamic simulations of the precessing jet (Monceau-Baroux et al.
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2014), the helical jet beam behaves like a piston, which creates a bow shock in front of
the jet head, and the lower-density cocoon surrounding the beam. In their simulation, the
width of the helical beam and the cocoon are 0:1 pc, and the size of the simulation region is
(0:2 pc, 0:1 pc, 0:1 pc). Therefore, the whole precessing jet is contained in the jet injection
region in our simulations shown in Figure 2.1. In our simulations, instead of resolving the
precessing jet, which requires the time resolution of order 10 days, and spacial resolution of
order 0:001 pc, we replaced it with the wider, lower density jet. Furthermore, the current
precession angle (20 degrees) is inconsistent with the elongated shape of the W50 nebula,
indicating that the precession angle had to be smaller than the current angle when W50 was
formed (Goodall et al. 2011).
In this paper, we neglected the cooling in the jet where n  0:01 cm 3 and T  105 K.
If we take account of the cooling in the region where T > 104 K, the cooling time scale
of the jet is the order of 0:1 Myr (e.g., Sutherland & Dopita 1993), Since the jet with
vjet  200 km s 1 propagates about 20 pc in 0:1 Myr, the internal plasma of the jet can be
heated up by internal shocks of the jet within this time scale. In our simulations in which
the jet cooling is neglected, the temperature of the jet exceeds the original temperature
(Tjet  105 K). We expect that even when the cooling in the hot plasma is taken into
account, the jet temperature will stay 105 K < T < 106 K. In subsequent papers, we would
like to conrm it by carrying out simulations including the cooling when T > 104 K and
thermal conduction, which aects the thermal balance of the hot plasma.
In the jet head between the jet terminal shock and the contact discontinuity and in the
backow region (cocoon), the plasma temperature exceeds 106 K when the jet speed exceeds
200 km s 1. Since the cooling time scale of this region exceeds 10 Myr, cooling can be
neglected.
The cooling time scale of the region between the contact discontinuity and the bow shock
where n > 10 cm 3 is the order of 104 yr. Therefore, this region cools down, and forms the
dense, cold sheath.
The cooling time scale of the interface between the dense sheath and hot cocoon can be
aected by the thermal conduction. However, since the width of this layer is thin except
models for low Mach number jets, cooling of the hot plasma does not change the shape of
the interface in high Mach number jets.
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Since the temperature of the shock compressed HI gas does not exceed 1000 K, the
ionization rate will be negligible during the formation of the dense, cold sheath from the
HI gas. Inside the jet and cocoon, hydrogen is almost fully ionized because T > 105 K.
Moderately ionized region will appear in the interface between the hot cocoon and the dense
sheath, where T  104 K. This region is formed by the compression of the warm ISM by the
bow shock of the jet. Since the ionization time scale near the shock front is about 0:1 Myr
and the recombination time scale is about 10 Myr, the ionization rate will increase just
behind the bow shock , and gradually decrease in the downow (e.g., Koyama & Inutsuka
2000). Thus, the warm ISM which has been ionized by the bow shock is kept partially
ionized.
The mass of the jet-aligned molecular clouds estimated from CO observations is 400  
2300M (Yamamoto et al. 2008). According to the results of our simulations, the total mass
of the cold, dense sheath where the number density exceeds 20 cm 3 is  1200M for model
MC6, which is consistent with observations. The cold dense gas in the sheath expands in
the radial direction with speed  1   2 km s 1. This expansion takes place because the
shock heated hot (T  106 K) gas in the cocoon (backow region) pushes the sheath in the
radial direction. This expansion speed in our simulation is consistent with the speed of the
molecular gas (2  5 km s 1) obtained from CO observations (Yamamoto et al. 2008).
The interface between the sheath and the backow wiggles because the Kelvin-Helmholtz
instability grows by the velocity shear between the sheath and the backow. Since the
toroidal magnetic eld is accumulated in this boundary, this layer may subject to the in-
terchange instability. Although magnetic elds along the jet axis are not amplied in ax-
isymmetric simulations, they can be amplied if the radial components are generated by
non-axisymmetric motions and stretched by the velocity shear around the interface. We
need to carry out 3D MHD simulations to study the magnetic eld enhancement by these
mechanisms and their eects on the structure and stability of the sheath.
5.2 Westerlund 2
We carried out 3D MHD simulations of the interaction of the jet with the interstellar HI
clouds for two models; a large HI cloud and clumpy HI clouds. The density distribution of
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the HI clouds aects jet propagation and the shape of the cold, dense clouds formed by the
jet-cloud interaction. When the jet collides with the large HI cloud, the jet sweeps the HI
gas and the arc-like cold, dense cloud and HI-cavity are formed. When the jet interacts with
the clumpy HI clouds, the jet breaks up into branches and the cold, dense clouds distribute
more broadly than the large HI cloud model. When the volume lling factor is large, the
HI-cavity is formed and the shape of the dense clouds approaches the arc-like cloud. The
density distribution of the interstellar HI clouds determines the shape of the molecular clouds
formed by the jet compression.
Let us compare our results with CO obervations (Furukawa et al. 2014). The ve-
locity dispersion of the molecular clouds formed by the jet-cloud interaction depends on
the jet speed. From equation (3.1), the radial velocity is proportional to vjet
p
jet=HI =p
2Ejet=HI, where Ejet is the kinetic energy density of the jet. In our simulation, Ejet =
1:4210 12 erg cm 3; HI = 1:1510 23 g cm 3, the jet speed vjet = 5:8102 km s 1 and the
kinetic energy ux is 2:341033 erg s 1. The velocity dispersion of molecular clouds obtained
by numerical simulations when Ejet=HI = 1:23 1011 erg g 1 is about 2 km s 1. To explain
the velocity dispersion of  4 km s 1 in observations, we need Ejet=HI  4:9 1011 erg g 1
if the velocity dispersion is produced by the jet. We estimated that the jet speed is about
6:6 103 km s 1 and the kinetic energy ux of the jet is the order of 1036 erg s 1 in chapter
4. Another origin of the velocity dispersion of the molecular clouds is the velocity dispersion
of the HI clumps. The shocked HI clumps can form the molecular clouds with the velocity
dispersion which is comparable to the velocity dispersion of the HI clumps when the eect
of the jet is small for the velocity of the molecular clouds. The kinetic energy of the jet is
limited to Ejet=HI < 4:9 1011 erg g 1 since the velocity dispersion of the molecular clouds
produced by the jet need to be smaller than the velocity dispersion of the HI clumps.
The radius of the HI clumps does not aect the propagation of the jet when the lling
factor is close to 0 or 1. However, it can aect the propagation of the jet when the lling
factor is moderate. When the radius of the HI clumps is smaller than the radius of the
working surface of the jet, the jet propagates in channels between the HI clumps, and breaks
up into numerous branches. When the radius of the HI clumps is larger than the radius of
the working surface, the jet approaches to that for the large lling factor models.
HESS J1023-575 is observed both at the high energy band (above 2:5 TeV) and the low
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energy band (0:7  2:5 TeV). The cooling by the pp-interaction and diusion time scales of
the relativistic particles are estimated to be about 5 106 yr and 2 104 yr, respectively, by
Furukawa et al. (2014). If the arc and the jet clouds and TeV -ray source are produced by a
single object, a supernova remnant or a pulsar wind nebulae is not likely as the origin for TeV
-ray source since the diusion time scale of the relativistic particles is shorter than the age
of the arc and jet clouds ( Myr). A microquasar jet which is active over 1 Myr can explain
both the age of the arc and jet clouds and the lifetime of the relativistic particles. They
discussed that averaged power injected to the relativistic protons need to be  1037 erg s 1
when the diusion time is 2104 yr in order to explain the energy of TeV -ray emission. At
the low energy band (0:7  2:5 TeV), TeV -ray is also detected toward the jet clouds. The
cooling and diusion time scales are estimated to be 6 104 yr and 7 103 yr, respectively.
Assuiming the diusion time scale of 7  103 yr, the averaged power injection need to be
 8  1033 erg s 1. These estimations indicate that we need to consider the higher energy
jet than that in our simulations.
The peak of the column number density is about 1021 cm 2 in our simulations and about
1:8 1021 cm 2 estimated from HI 21 cm line observations (McClure-Griths et al. 2005).
The peaks of the H2 column number density of the arc cloud and jet cloud are 2:71021 cm 2
and 1:7 4:81021 cm 2, respectively in observations. It is about 0:41021 cm 2 in our simu-
lations for both the big HI cloud model and clumpy HI clouds model. One reason why numer-
ical results gave smaller H2 column density is that the density of the HI clouds is smaller in
our simulations. For example, when we consider that the HI clouds is twice as dense as the HI
clouds in simulations, the peak of the column number density can become twice and the peak
of the H2 column number density becomes about four times since we estimate from Richings
et al. (2014) that the ratio of H2 with the total number density is roughly propotional to the
total number density in 1 cm 2 < n < 102 cm 2. Another reason can be uncertainty of the X-
factor. In chapter 4, we used N(H2)=W (
12CO) = 1:6 1020 cm 2=(K km s 1) (Hunter et al.
1997) obtained by the Energetic Gamma-Ray Experiment Telescope (EGRET) observations.
X-factor is estimated to be 2:8  1020 cm 2=(K km s 1) from -ray observations (Bloemen
et al. 1986), (1:9  1:1)  1020 cm 2=(K km s 1) from infrared observations (Reach et al.
1998), and so on. Thus X-factor has uncertainty in the range 1 31020 cm 2=(K km s 1).
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5.3 Double Helix Nebula
We studied the interaction of the non-axial jet with the HI clouds rotating around the rotation
axis of our galaxy. For the axial jet model, the distribution of the cold, dense clumps is nearly
symmetric with respect to the rotation axis and the jet axis. The line-of-sight velocity of the
cold clumps ranges from  30 km s 1 to 30 km s 1, which corresponds to the rotation speed
of the HI clumps. For the non-axial jet model, in the region where z < 40 pc, the distribution
and the line-of-sight velocity is nearly symmetric to the rotation axis, and the results are
similar to the axial jet model. However, in the region where z > 40 pc, the distribution of
the cold clumps is asymmetric and the line-of-sight velocity is about  30 km s 1. These
molecular clouds may correspond to the  35 km s 1 component clouds observed in our
galactic center (Enokiya et al. 2014).
We neglected the gravity along z direction in order to focus on eects of the rotation of
the HI clumps. In reality, the HI clouds can fall down to the Galactic plane since the scale
height of the HI clouds is small. It is possible that the turbulent velocity dispersion can
increase its scale height (e.g. Sutherland & Bicknell 2007). This mechanism can keep the
dense HI clouds in regions distant from the Galactic plane against the gravity.
The line-of-sight velocity of the molecular clouds is determined by the rotation speed
of the HI clouds. In this paper, for simplicity we assumed the rotation speed of the HI
clouds does not depend on z. In realistic galaxy, since the gravity decreases with height,
the rotation speed decreases. This eect is large in small z but it is small in high z since
the dierence of velocity becomes small with height. We need to use more realistic gravity
potential to get more exact rotation speed of the interstellar HI clouds.
H2 emission of warm molecular hydrogen heated by the jet in the inner anomalous arms
is observed from the nearby galaxy NGC 4258 (Ogle et al. 2014). The feedback of the jet to
the galaxy occures not only the direction of the jet propagation but also the Galactic plane.
It is possible that the formation of the molecular clouds by the jet-HI clouds interaction can
occur in the galactic disk.
Jets ejected from active galaxies can form molecular clouds in the galactic bulge by the
interaction with interstellar HI clouds, which can promote star formation. The gas in the
galactic disk aected by the jet can change activities in the galactic center such as jets
by accretion into the central black hole. The jet-HI clouds interaction is important for
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coevolution of galaxies and central black holes.
Appendix A
Numerical Code
A.1 HLLD Approximate Riemann Solver
In order to solve the time evolution of basic equations in section 2.1, we used an approximate
Riemann solver based on the HLLD scheme (Miyoshi & Kusano 2005). One dimentional
MHD equations can be written in conservation form as
@U
@t
+
@F
@x
= 0 (A.1)
where U and F are conservative variables and ux functions, respectively. Time evolution
is written as
Un+1i = U
n
i +
t
x
(F i 1=2   F i+1=2) (A.2)
F i1=2 are the numerical ux obtained by the HLLD scheme. Here i and n indicate the cell
number and the time step, respectively. Integrating equation (A.1) from xi to xi+1=2, we get
F i+1=2 = F i   1
t
Z xi+1=2
xi
R

x  xi+1=2
t
;UnL;U
n
R

dx+
xi+1=2   xi
t
Uni (A.3)
where R is the approximate solution of the Riemann proplem. In order to obtain the
numerical ux, we need to solve the Riemann problem approximately at the cell surface.
For the HLLD scheme, since ve waves (two fast wave, two Alfven waves, and one entropy
wave) are considered, four intermidiate states U L;U

L ;U

R, and U

R appear (see gure A.1).
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Equation (A.3) is transformed as follows.
F i+1=2 =
8>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>:
F L (SL > 0)
F L + SL(U

L  UL) (SL  0  SL)
F L + SL(U

L  UL) + SL(U L  U L) (SL  0  SL)
F R + SR(U

R  UR) + SR(U R  U R) (SM  0  SR)
F R + SR(U

R  UR) (SR  0  SR)
F R (SR < 0)
(A.4)
where SL and SR are the speed of fast waves and S

L and S

R are the speed of Alfven waves
and SM is the speed of the entropy wave.
Figure A.1: Schematic picture at the cell interface with four intermediate stetes U L, U

L ,
U R, U

R (Miyoshi & Kusano 2005). SL and SR are the speed of fast waves. S

L and S

R are
the speed of Alfven waves. SM is the speed of the entropy wave.
A.2 Linear Interpolation with Minmod Limiter
We need to determine the left ULi+1=2 at the cell interface by interpolating from the cell
center values U i. In a linear interpolation scheme, we interpolate primitive values q linearly
and use the minmod limiter for preserving the monotonicity.
qLi+1=2 = qi + 0:5q (A.5)
q = minmod(qi+1   qi; qi   qi 1) (A.6)
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Minmod function is dened as
minmod(a; b) = max(0;min(jaj; b sgn(a))) sgn(a) (A.7)
This equation means that we use a smaller slope when qi+1 qi and qi qi 1 have the same
sign. Otherwise the cell interface value is adopted as the cell center value, which corresponds
to the rst order interpolation. After the intarpolation, ULi+1=2 is calculated from q
L
i+1=2. We
used this scheme in chapter 2 and chapter 4.
A.3 WENO-Z with Monotonicity-Preserving Method
In the simulations in chapter 3, in order to determine the left state at the cell surface i+1=2
we interpolated by using WENO-Z method (Borges et al. 2008) which preserves fth order
of accuracy in space. We transformed the primitive values q to the characteristic values v
before interpolation. The cell interface value is calculated by summing weighted third degree
polynomial.
vL;WZi+1=2 = !0
2vi 2   7vi 1 + 11vi
6
+ !1
 vi 1 + 5vi + 2vi+1
6
+ !2
2vi + 5vi+1   vi+2
6
(A.8)
where wk are weights. Weights are dened as
wk =
k
2l=0l
(A.9)
k = 1 +
j0   2j
k + 
( = 10 40; k = 0; 1; 2) (A.10)
0 =
13
12
d2i 1 +
1
4
(3i 1  i 2)2 (A.11)
1 =
13
12
d2i +
1
4
(i +i+1)
2 (A.12)
2 =
13
12
d2i+1 +
1
4
(3i  i+1)2 (A.13)
di = i  i 1;i = vi+1   vi (A.14)
After the WENO-Z interpolation, we used the Monotonicity-Preserving (MP) method
proposed by Suresh & Huynh (1997).
vL;MPi+1=2 = v
L;WZ
i+1=2 +minmod(vmin   vL;WZi+1=2; vmax   vL;WZi+1=2) (A.15)
84 A.3. WENO-Z WITH MONOTONICITY-PRESERVING METHOD
where vmax and vmin show the maximum and minimum value of the cell interface value v
L
i+1=2.
The MP method interpolate the cell interface value near the extrema more precisely than
the minmod limiter. In gure A.2, for the minmod limiter, we limit the peak of waves to
be at since the interface value should not create an extrema. This procedure leads to the
dissipation of waves. On the other hand, the MP method allows an extrema in interface
values, which avoid the damping of waves.
Figure A.2: Schematic picture of the range of the interface value near an extrema (Suresh
& Huynh 1997). MP method allows an extrema in interface values.
Appendix B
Code Tests
B.1 MHD Shock Tube Test
We carried out 1D simulations of the MHD shock tube problem adopted from Ryu & Jones
(1995) by applying the linear interpolation with the minmod limiter and WENO-Z with the
MP limiter. The range of simulation region is 0  x  1 and the number of grid points
is Nx = 256. We used a Courant number of 0.3. We assumed (; p; vx; vy; vz; Bx; By; Bz) =
[1; 1; 0; 0; 0; 0:75; 1; 0] in x < 0:5 and (; p; vx; vy; vz; Bx; By; Bz) = [0:125; 0:1; 0; 0; 0; 0:75; 1; 0]
in x > 0:5.
Figure B.1 and B.2 show results at t = 0:1 by using the linear interpolation scheme and
the WENO-Z scheme, respectively. For both results, two fast rarefactions (x  0:33; 0:87),
a slow shock (x  0:65), and a contact discontinuity (x  0:55) are solved. The WENO-Z
scheme uses fewer grid to resolve discontinuities and discontinuities become sharper than
the linear interpolation scheme.
B.2 Propagation of Circularly Polarized Alfven Waves
In this section, we present the results for 1D simulations of propagation of circularly po-
larized Alfven waves. The simulation region is 0  x  1. We set the number of grid
points Nx = 8; 16; 32; 64; 128 in order to check the special accuracy of our codes. We xed
the integration time step t = 10 4. In the initial state, (; p; vx; vy; vz; Bx; By; Bz) =
[1; 0:1; 0; 0:1sin(2x); 0:1cos(2x); 1; 0:1sin(2x); 0:1cos(2x)]. Alfven waves propagates along
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Figure B.1: Results for 1D shock tube problem by using the linear interpolation with minmod
limiter at t = 0:1.
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Figure B.2: Results for 1D shock tube problem by using WENO-Z with the MP limiter at
t = 0:1.
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x direction with Alfven velocity va = B=
p
 = 1. The crossing time of Alfven waves is t = 1.
Figure B.3 (a) shows the results at t = 5 by using the linear interpolation with minmod
limiter. The solid, dotted, dashed, and dash dot curves show the analytic solution, results of
simulation with Nx = 8; 16, and 32, respectively. The amplitude of the magnetic eld damps
in ve crossing times. Especially, when Nx = 8, the antiparallel magnetic eld disappears.
The dissipation of the magnetic eld is large for simulations with the linear interpolation
scheme. This scheme cannot preserve small structures of the antiparallel magnetic eld.
Figure B.3 (b) shows the results at t = 5 by using WENO-Z with the MP limiter. The
magnetic eld is hardly dissipated for Nx = 16; 32. Even when Nx = 8, the damping of the
magnetic eld is smaller than that of the results for Nx = 32 with the linear interpolation
scheme.
Figure B.4 shows the L1 norm error of the magnetic eld By. The L1 error of results with
the WENO-Z scheme is smaller than that with the linear interpolation scheme. The slope
of the linear interpolation scheme and the WENO-Z scheme are about (x)2 and (x)5,
which indicates that second order and fth order accuracy in space are conserved by using
the linear interpolation scheme and the WENO-Z scheme, respectively.
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Figure B.3: Results for 1D propagation of Alfven waves by using (a) the linear interpolation
with the minmod limiter and (b) WENO-Z with the MP limiter at t = 5. For the linear
interpolation scheme, By damps during ve periods. For WENO-Z with the MP limiter,
damping of waves is smaller than that in simulations with the linear interpolation scheme.
90 B.2. PROPAGATION OF CIRCULARLY POLARIZED ALFVEN WAVES
Figure B.4: L1 norm error for By. The horizontal axis is the grid size. The solid and dashed
curves show L1 error of the linear interpolation with the minmod limiter and WENO-Z with
the MP limiter, respectively. The slope of the linear interpolation scheme and the WENO-Z
scheme are about (x)2 and (x)5.
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